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ABSTRACT
INTERFACIAL STUDIES IN FIBER-REINFORCED
THERMOPLASTIC-MATRIX COMPOSITES
MAY 1989
RICHARD L. BRADY, B.S.
, LEHIGH UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by: Professor Roger S. Porter
The major theme of this dissertation is structure/ property
relationships in fiber-reinforced thermoplastic-matrix composites.
Effort has been focused on the interface: interfacial crystallization
and fiber/matrix adhesion. Included are investigations on interfacial
nucleation and morphology, measurement of fiber/matrix adhesion, effects
of interfacial adsorption and crystallization on fiber/matrix adhesion,
and composites reinforced with thermotropic liquid crystal copolyester
fibers
.
Crystallization of a copolyester and poly(butylene terephthalate)
with glass, carbon, or aramid fibers has been studied with regard to
interfacial mophology. Techniques employed included hot-stage optical
microscopy and differential scanning calorimetry. Nucleation by the
fibers was found to be a general phenomenon. Morphology could be varied
by changing the cooling rate.
In order to better monitor fiber/matrix adhesion, a buckled plate
test has been developed. The test measures transverse toughness as the
parameter characterizing interfacial adhesion in unidirectional,
vi
continuous-fiber composites. The test is simple to perform yet has
advantages over other interfacial evaluation techniques. The buckled
plate test was found to be a sensitive measure of fiber/matrix adhesion.
The buckled plate test has been used along with the transverse
tensile test to examine how interfacial adsorption and crystallization
affect fiber/matrix adhesion in polycarbonate/ carbon fiber composites.
Adsorption was found to be of primary importance in developing adhesion,
while crystallization is a secondary effect. The toughness data have
been fit successfully for annealing time and temperature dependence.
The dependence of adsorption and transverse toughness on matrix
molecular weight was found to be large, with higher molecular weights
adsorbing more effectively.
Studies of the fiber/matrix interface have been extended to
composites reinforced with thermotropic liquid crystal copolyester
fibers. Composites made with these fibers had poor transverse
properties, regardless of matrix. Surface treatment such as ozonation
increased transverse properties, but values were still low. Scanning
electron micrographs of fracture surfaces indicated that fiber splitting
occurs, especially for surface treated fibers. Poor fiber transverse
properties rather than fiber/matrix adhesion thus appear to limit
composite transverse properties.
vii
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CHAPTER I
INTRODUCTION
The use of polymer composites continues to grow as these materials
find new uses and increasingly replace metals in various applications.
Composites made with high performance fibers such as glass, carbon, and
aramid provide excellent mechanical properties with low weight, making
them ideal for structural applications. Much research has been
dedicated to understanding structure/ property relationships in these
materials, particularly research on thermoset-matrix composites such as
unsaturated polyester and epoxy based systems. Less work has been done
on high performance thermoplastic-matrix composites, but interest has
increased recently with the advent of high performance resins like
polyaryl ketones, polyimides, polysulfones , and polyphenylene sulfide.
While thermosets generally give higher prepreg flexibility (drape),
better solvent resistance, lower processing temperatures, and better
fiber/matrix adhesion, thermoplastics offer advantages of higher
extension, better fracture toughness, and shorter and more varied
, 1
processing .
The objective of this dissertation is to add to the understanding
of structure/ property relationships in fiber-reinforced thermoplastic-
matrix composites. Effort has been focused on the fiber/matrix
interface because of its large importance in composite mechanical
1
behavior and its relatively poorly understood nature. Special attention
has been given to interfacial crystallization and its effect on
fiber/matrix adhesion.
Previous work in the interfacial crystallization area, discussed in
more detail in the Background section below, has concentrated on
nucleation and interfacial morphology. The work on the corresponding
property effects, including fiber/matrix adhesion, has been more limited
and with disparate conclusions
2
. This thesis examines morphology, but
primarily focuses on mechanical properties, in particular fiber/matrix
adhesion.
Background
The use of thermoplastics instead of thermosets as matrices in
fiber-reinforced composites introduces the added complexities of slow
matrix adsorption onto the fibers and possible matrix crystallization.
The fibers can alter the normal matrix crystallization by acting as a
nucleating agent, thus leading to interfacial crystallization.
Nucleation of crystals close together along the fibers and subsequent
constrained radial growth leads to elongated spherulites, and is known
as transcrystallinity. A transcrystalline interphase with modulus
intermediate between that of fiber and matrix is favorable for
stress
transfer 3
"6
by reducing stress concentrations at the interface. It
could also possibly improve fiber/matrix adhesion, perhaps by
exclusion
of impurities from the interface
7
,
and fiber compression
characteristics.
Nucleation of matrix crystals on fibrous substrates is a common
phenomenon, having been reported for a variety of fiber/matrix
8 Q
combinations: on a carbon fiber surface for nylon 6
,
nylon 66
,
nylon
1010 10
,
polyethylene 11
,
polypropylene 12
,
polyetheretherketone (PEEK) 1 ^
,
3~5 3 1 i|polycarbonate
,
polyphenylene oxide
, and polyphenylene sulfide ; on
glass fibers for nylon 6 8
,
polypropylene15
,
and polyphenylene sulfide 1
*1
;
on polyester-coated glass fibers for polypropylene 1 ^; on aramid fibers
17 15
for nylon 6 , and polypropylene ; on polyethylene fibers for
1 8 —2 0
polyethylene ; and on nylon and polyester fibers for
1 5 21polypropylene ' . In general, nucleation of polymers on a substrate
is complicated and not well understood. Various factors may be
involved, including supercooling, thermal conductivity, surface tension,
surface energy, polymer flow rates, chemisorption, and lattice matching
o
of polymer and substrate (epitaxy) . Also involved may be adsorption of
1 5
heterogeneous nucleants already present in the bulk matrix
Epitaxial lattice matching has been suggested as an important factor in
8 11 12 17~ 19 11
many systems ' 1 . For example, Tuistra and Baer found a
lattice mismatch for polyethylene/ graphite of only 3.5?. Other
1 1| 15
work ' , however, has concluded that lattice matching is not a
necessary condition for transcrystallinity formation. Similarly, other
1*5
factors cannot comprehensively explain transcrystallinity .
Although considerable attention has been given to nucleation and
interfacial morphology, limited work has been done on the effects on
mechanical properties. The data that is available will be noted here.
Positive effects of transcrystallinity have been noted in several
reports. Pioneering work by Kardos et.al. J examined the interface in
polycarbonate/ chopped carbon fiber composites. They found increased
composite strength and modulus (better adhesion) on annealing composites
below the matrix melting point for several hours. This increase was
attributed to generation of a crystalline innerlayer. Hobbs"1 ^ showed
increased strength and modulus in a transcrystalline
polypropylene/ polyester-coated glass fiber system. Work here 1 ^* 1 ^ on a
polyethlene/polyethylene fiber system concluded that epitaxial bonding
led to good interfacial shear strength as measured by fiber pullout
21
tests. Campbell and Qayyum reported an increased fracture strain in
transcrystalline polypropylene/nylon or polyester fiber systems due to
1 7
smaller crystallites and restrained fiber necking. Kumamaru et.al.
found that a crystalline interfacial zone was preferable with respect to
modulus as measured by dynamic mechanical means on a nylon 6/chopped
7
aramid fiber system. Recent work in this laboratory on a PEEK/ carbon
fiber system indicated increases in transverse tensile strength and
energy to break with longer prior melt times. Scanning electron
micrographs confirmed increased fiber/matrix adhesion. This correlated
well with optical micrographs which showed improved transcrystallinity
at longer melt times.
Other work has indicated that transcrystallinity is not beneficial
with regard to mechanical properties, in particular fiber/matrix
Q
adhesion. Bessel and Shortall found that surface oxidizing treatment
of carbon fibers improved chemical bonding and reduced fiber pullout and
fracture energies in a nylon 6 matrix. This increase in bond strength,
however, could not be explained in terms of the transcrystalline
structure, since coated and uncoated fibers gave similar morphology.
More recent work on a nylon 66/carbon fiber system by Folkes et.al.
found that the interfacial shear strength (determined by a 3-point bend
test) of transcrystalline specimens was less than non-transcrystalline
specimens. Some fracture occurred in the matrix in the transcrystalline
specimens. Single fiber fragmentation tests showed similar lower
interfacial bond strength for transcrystalline polypropylene with glass
fibers. Other work on PEEK reinforced with carbon fibers by Peacock
23
et.al. has concluded that on-fiber nucleation, where the fiber/matrix
interface is not optimized, is by itself insufficient to give good
fiber/matrix adhesion.
Adhesion in general is complex, and various theories are
24
available : (a) adsorption and wetting, (b) interdiffusion,
(c) electrostatic attraction, (d) chemical bonding, and (e) mechanical
adhesion. In glass-reinforced thermoset composites with silane coupling
agents, the mechanism of adhesion is primarily covalent chemical
oh 2S
bonding 9 . Aramid and carbon fibers have different functionality
from glass and cannot be coupled in the same way, particularly with
2 1| 26
thermoplastic matrices ' . Carbon fiber surfaces are often oxidized
in order to produce more surface functionality and improve adhesion.
Sizings and coatings are also often used to increase fiber/matrix
compatibility, provide easier handling, and protect the fiber from
damage
.
6In summary, a literature review of interfacial crystallization in
fiber-reinforced thermoplastic-matrix composites indicates that answers
to some important questions remain unclear. Particularly uncertain is
the effect of interfacial crystallization on fiber/matrix adhesion.
This dissertation, therefore, focuses on this question, while also
adding insight into nucleation/mor phology and adhesion in general.
CHAPTER II
CRYSTALLIZATION OF POLYESTERS IN FIBER-REINFORCED COMPOSITES
Introduction
The work presented in this chapter examines the structure or
morphology part of structure/ property relationships in crystallizing
thermoplastic-matrix composites. This study was undertaken in order to
gain insight into some factors affecting interfacial crystallization in
fiber-reinforced systems. Two common polyesters were chosen for study:
(a) a slow crystallizing copolyester (Kodar), and (b) the fast
crystallizing poly(butylene terephthalate) (PBT). These polyesters were
chosen for several reasons: (a) they have good mechanical properties and
commercial interest, (b) they offer a large difference in
crystallization rates, (c) nucleation of these polyesters on fibrous
substrates has not been previously studied or reported, and (d) they
27 28
have complete (Kodar) or partial (PBT) miscibility with
polycarbonate (PC). This miscibility was viewed as favorable for the
possible eventual production of a PC composite with crystalline
polyester interphase. The crystallization of these polyesters in the
presence of carbon, aramid, and glass fibers has been examined by hot-
stage optical microscopy and differential scanning calorimetry (DSC).
7
8Experimental
Kodar A1 50 copolyester (T =87°C ( T =265°C) was obtained in
g m
o ?Q
amorphous pellet form from Eastman Kodak. PBT (T =225 C) was obtained
m
in pellet form from General Electric (Valox). Both polymers were dried
at 80°C in a vacuum oven overnight before use. Figure 2.1 shows the
chemical structure of each polyester.
Four different fibers were used in this study: (a) mesophase-pi tch-
based carbon fibers (P75, 2K, UC309 sized, Union Carbide), (b)
polyacrylonitrile (PAN)-based carbon fibers (T300, 6K, unsized, Union
Carbide), (c) polyaramid fibers (Kevlar 29, unsized, DuPont), and
(d) E-glass fibers (sized, Owens Corning). All fibers were used as
received. Drying or washing the fibers seemed to have no effect on the
crystallization results.
Kodar or PBT films about 30um thick with several fibers were
produced by pressing part of a pellet with fibers between glass cover
slips on a hot stage equipped with a programmable temperature
controller. The films were crystallized under various conditions and
then the morphology frozen in by quenching the samples in ice water.
The samples were then viewed and photographed on an optical microscope
with cross polarizers.
Kodar/carbon fiber (CF) or PBT/CF continuous-fiber composites were
made by sandwiching aligned carbon fibers, gripped at the ends, between
previously-molded polymer films and pressing in a Carver hot press.
Kodar/CF composites were pressed 15 min at 285°C while PBT/CF composites
were pressed 15 min at 250°C before quenching in ice water. DSC
KODAR
20% iso 67% trans
Figure 2.1. Chemical structure of Kodar and poly(butyl
terephthalate) (PBT).
10
experiments were performed under nitrogen on a Perkin Elmer DSC-4
equipped with data station. Weight fraction fiber in the composites was
estimated by comparing the heat of crystallization (AH ) for composites
with AH
c
for pure polymer. This assumes fibers affect primarily the
rate and not the total amount crystallization. Weight fractions were
then converted to volume fractions via densities.
Results and Discussion
Kodar Composites
Figure 2.2 shows optical micrographs of Kodar crystallized from the
melt in the presence of carbon (PAN and pitch based), aramid, and E-
glass fibers. In each case, crystalline growth occurs preferentially at
the fiber/matrix interface, indicating a nucleating effect of the
fibers. When viewing the progress of crystallization in the microscope,
crystals start growing along the fiber first, then begin growing in the
bulk matrix shortly thereafter. The samples are quenched in order to
freeze in the morphology before spherulites fill in all over and obscure
the interfacial region. The thickness of the interfacial crystalline
region is approximately half the diameter of bulk spherulites in each
system, indicating nearly the same start of crystal growth in the bulk
and on the fiber. In a highly filled system, however, the close
proximity of the fibers would certainly alter this morphology somewhat
due to constraint of the crystals.
The nucleating effect of the fibers can also be seen by DSC.
Figure 2.3 shows the crystallization curves on cooling for Kodar/P75 CF
composites of varied fiber volume fraction. Composites were heated to
11
Figure 2.2. Cross polarized optical micrographs of Kodar crystallized
from the melt with (a) T300 carbon fibers, (b) P75 carbon
fibers
,
(c) Kevlar 29 fibers , and (d) E-glass fibers . All
samples melted 5 min at 280 C, cooled 5 C/min to 230 C,
held 5 min, and quenched in ice water.
12
4J
o
0) CO
4-3 £_
CD
CD
E
C
•*H i—
(
E O
V, >O
m C\J
i d
C cH CO
f—
)
o
o d
o CM
c
•
o
o
(0 s-
<u C0
> • •D
£- o O
o
o c
c o •«H
o
•H o CO
4-3 t-
CO <D
N o
-HO •»H
fH o <M
r-4
CO m C
4-> o
ff) -P jO
>> CO £.
S- CO
o c O
o
iH
E LO
CO
o Cu
no
c\j
<u
a

15
340°C, well above the Kodar melting point of 265°C, in order to destroy
more residual bulk nuclei and favor on-fiber crystallization. A similar
copolyester was found not to degrade significantly under such conditions
30 7
in DSC
.
Work in our lab on PEEK/ CF has documented well the effect of
holding time and temperature on interfacial crystallization. In Figure
2.3, crystallization exotherms move to higher temperatures with
increased fiber volume fraction. These results are again consistent
with a nucleating effect of the fibers. This effect could also be seen
in DSC with lower melt temperatures.
PBT Composites
The results for Kodar can be compared with those for PBT. Figure
2.4 shows optical micrographs for PBT crystallized from the melt in the
presence of the different reinforcing fibers. Again there is
interfacial crystallization occurring in all cases for slow
cooling/ isothermal conditions. Figure 2.5 shows the effect of cooling
rate on PBT composite morphology. Under fast cooling conditions, the
morphology is a classical trans crystal line one in all cases, with
elongated spherulites or needle-type crystals growing perpendicular to
the fibers. On fast cooling, a lower temperature is likely reached
before crystallization occurs, with this lower temperature also
31
corresponding to a higher nucleation density • There is thus
constrained radial growth of many spherulites nucleated along the fiber.
Although morphology can vary with cooling rate, interfacial
crystallization of some type occurs over a wide range of rates. In PBT
and other systems, in fact, it appears that it is difficult not to get
16
Figure 2.4. Cross polarized optical micrographs of PBT crystallized
from the melt with (a) T300 carbon fibers, (b) P75 carbon
fibers, (c) Kevlar 29 fibers, and (d) E-glass fibers. All
samples melted 5 min at 2*l6-2480 C, cooled 5°C/min to 206°C,
held 5 min, and quenched in ice water.
17
18
Figure 2.5. Cross polarized optical micrographs of PBT crystallized
from the melt with (a) T300 carbon fibers, (b) P75 carbon
fibers, (c) Kevlar 29 fibers, and (d) E-glass fibers. All
samples melted 1 min at 250 C, cooled quickly in air, and
quenched in ice water.
19
20
interfacial crystallization. One way which this might be achieved would
be to quench the composite to amorphous and then heat from the solid
state. On heating from the solid state, diffusion rather than
nucleation limits crystallization
. The result is a fine grained
microstructure throughout the matrix.
Figure 2.6 shows the DSC cooling curves for PBT and PBT/T300 CF.
In contrast to the Kodar/CF case, little difference can be seen between
the crystallization exotherms at -5°C/min. This is likely because PBT
is a much faster crystallizing polyester, so the DSC results are not as
sensitive to the nucleating effect at this rate. Under isothermal
conditions (Figure 2.7), however, DSC can clearly detect the nucleating
effect of the fibers.
Conclusions
These results on Kodar and PBT composites lead to several
conclusions. First, regarding nucleation, interfacial crystallization
is a general phenomenon in these as well as other fiber/matrix systems.
Nucleation of the matrix by the fibers as seen by optical microscopy and
DSC occurs for each system studied. Epitaxial lattice matching as the
cause of interfacial crystallization in these varied systems is an
unlikely possibility. Although difficult to note on the micrographs
shown here, experience indicates carbon and Kevlar nucleate more
effectively than glass. Other work has also found carbon and Kevlar to
22
be more effective than glass . Little difference in nucleation has
been observed between the types of carbon fibers studied here.
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Secondly, the morphology can be varied and controlled to a certain
extent. The present work shows the effect of cooling rate, with fast
cooling leading to classical transcrystallinity in PBT/CF composites.
Other work has further examined factors such as thermal conditions and
22
matrix molecular weight
The work in this chapter adds to the already substantial literature
on nucleation and morphology in thermoplastic composites. We now turn
our attention to the effects of interfacial crystallization on
mechanical properties, in particular fiber/matrix adhesion.
CHAPTER III
A BUCKLED PLATE TEST TO MEASURE
INTERFACIAL TOUGHNESS IN COMPOSITES
Introduction
In order to answer the question of how interfacial crystallization
affects fiber/matrix adhesion, a method is needed for mechanically
characterizing fiber/matrix adhesion. Much has been done in developing
methods for mechanically characterizing the interface, particularly in
fiber-reinforced composites, as recently reviewed . There are,
however, difficulties with each of these tests. This chapter introduces
a new, buckled plate (BP) test for measuring transverse toughness as the
parameter characterizing interfacial adhesion in unidirectional,
continuous-fiber composites. The BP method, based on a BP specimen
33
recently developed by Chang and Donovan for slow crack growth studies,
has advantages over other interfacial methods.
In a BP test, a rectangular plate is buckled in compression until a
pre-introduced crack propagates across the sample. The major advantages
that the BP specimen has over other fracture mechanics specimens are
that it is a simple plate, yet the crack driving force is independent of
crack size. If a unidirectional composite plate is buckled transverse
to the fiber direction, the crack propagates along the fiber direction,
and the BP test measures transverse toughness. Although longitudinal
26
toughness is generally higher with poor fiber/matrix adhesion because
fiber pull out can occur, good transverse toughness requires good
fiber/matrix adhesion. Thus transverse toughness is a sensitive measure
of fiber/matrix adhesion.
Common interfacial test methods for comparison with the BP method
include (a) fiber pullout, (b) single filament critical length,
(c) microdebonding, (d) short beam shear, and (e) transverse tensile
strength. Fiber pullout tests require difficult sample preparation,
involve non-uniform stress distributions, and often have large data
32
scatter . In addition, use of single fibers limits comparison to
actual composites. The BP test does not have these problems.
Single filament critical length tests also entail difficult sample
preparation, require tedious measurements of fragment lengths, again
involve only single fibers, and require fitting of fragment distribution
curves. Typical variance values for interfacial shear strength are
32
£±50? . Variance values found here for the buckled plate test are
generally ^±20$.
Microdebonding, while applicable to actual composites, requires in
situ measuring of debonding and finite element analysis using a
32
micromechanics model . Again the BP test is much simpler and easier.
The short beam shear test is a simple three-point bend test, but
requires relatively thick samples (recommended span to depth ratios of
34
6 ) in order to induce shear rather than tensile failure. There can
also be problems of indentation in a three-point bend test. A BP test
28
is just as simple, yet utilizes thin samples ideal for small scale
experimental purposes, and involves no indentation problems.
Transverse tensile tests appear simple, but have a low level of
32
reliability because of the sensitivity to flaws. The BP method, on
the other hand, involves failure from a precrack, but the results are
not sensitive to precrack or flaw size. The BP method also involves no
gripping problems as in a transverse tensile test.
Finally, in comparing tests, it should be noted that the BP test
measures fracture toughness, which is fundamentally different from the
interfacial shear strength measured in methods (a)-(c), the interlaminar
shear strength measured in (d), or the tensile strength measured in (e).
Toughness is a measure of the energy or work to cause separation of the
composite. In linear elastic fracture mechanics the fracture toughness,
a material property, is the energy required to initiate crack growth per
35
unit crack area. The concept is based on Griffith's original
criterion for fracture, with the energy to create the new fracture
surfaces coming from the strain energy stored in the specimen. The
minumum energy required to fracture the composite would be the work of
adhesion, if that was less than the fracture toughness of the matrix.
In all systems studied to date, the toughness has been at least an order
of magnitude greater than the theoretical minimum, due to the energy
dissipated by deformation. Thus, although dependent on the work of
adhesion, the measured toughness includes energy required to deform the
matrix and the interfacial region. This means that toughness is a more
29
fundamental measure of the resistance to failure of the composite than
strength, as measured by the other tests.
This chapter presents both basic theory and experimental details of
the BP test. Results for a polycarbonate (PC)/carbon fiber (CF)
composite system are presented and discussed with regard to test
parameters and composite processing. Transverse tensile test results
are included for comparison.
Theory
The important equation for the BP specimen are presented briefly
33here. Further details are given by Chang and Donovan . For an
elastically buckled plate (or more properly called a buckled beam), the
critical load for buckling, P f is
P = it 1 EI , I = wh 3/12 (3.1)
c
where 1 = specimen initial length
w = specimen width
h = specimen thickness
E = specimen effective modulus.
Knowing specimen dimensions and measuring the critical load from the
load/ deflection curve as shown below, the modulus can be calculated. E
can then be used in the equation for crack driving force, G, which for
the BP specimen is
G = 0.82 Eh
2r 2 (l-x) f*(e) , G = AE (3.2)
where x = chord length of buckled plate
e = normalized displacement = (l-x)/l
f (e) = 0.158e
2
+ 0.229e + 1 - nearly 1 at
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relatively low displacements (less than 30%)
A = 0.82 h2 l"2 (l-x) f*(e).
*
The f (e) term has been considered equal to 1 in this study. Equation
(2) indicates that the crack driving force is independent of crack
length a. If the plate is buckled until fracture, and (1-x) at fracture
used, equation (2) yields the fracture toughness, G
.
Experimental
Polycarbonate/ continuous carbon fiber, unidirectional composites
were fabricated by alternately placing previously dried 0.13mm thick
Lexan film (General Electric, M =34,000) on a Teflon- covered aluminum
w
plate and wrapping unsized T500 3K PAN-based carbon fiber yarn (Amoco)
around the plate in aligned fashion. The aluminum plate's edges were
rounded in order to prevent fiber breakage. Typically 4 layers of film
and 3 layers of fiber yarn were used, but this was also varied to
control composite thickness. The layers were then consolidated at 275°C
in a Carver press by holding them for 5 min with low pressure, pressing
10 min at 0.8 MPa, then either (a) cooling the composite quickly to room
temperature in the press cooling cycle (less than 5 min), (b) releasing
the pressure and holding the composite for a longer processing time
before cooling, or (c) releasing the pressure, cooling to 245°C, and
annealing the composite for 3 hr before cooling. These conditions were
chosen to examine adsorption and crystallization effects, which will be
discussed more fully in the next chapter.
Composite plates were typically 0.45mm thick, but several other
thicknesses were examined. Unless otherwise stated, composites had a
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fiber weight fraction of 0.364±0.008 (volume fraction = 0.28) found by
dissolving out the PC with methylene chloride. Samples were cut with a
paper cutter, and the edges sanded with fine sandpaper. The ends of the
BP specimens were rounded to permit free rotation during buckling and
minimize end effects.
The BP fracture toughness test is illustrated in Figure 3.1. A
Model 4202 Instron testing machine with a sensitive 50kg reversible load
cell was used. One thin aluminum plate with a shallow, rounded central
groove was attached directly to the load cell (on the moving crosshead),
and another was attached to a stationary lower support. A small,
rectangular composite specimen, typically 2.5cm long, 0.9cm wide, and
0.045cm thick, with fibers oriented perpendicular to the testing
direction, was placed in the grooves. A central precrack parallel to
the fibers and about 1mm long was previously introduced to the BP
specimen with a fresh razor blade. Samples used to determine the
modulus were not precracked. The composite plates were buckled in
compression at room temperature until fracture. Testing speed was
2 cm/min unless otherwise stated. A chart recorded the load/ deflection
curve. Averages and standard deviations were obtained by testing 4-8
specimens of each kind.
Transverse tensile tests were also performed with a Model 4202
Instron testing machine, interfaced with a computer. Composites were
typically strips 0.5cm wide and 0.045cm thick, with 2.5cm between grips.
Manilla tabs were superglued to the composite to prevent breaking in the
pneumatic grips. (Epoxied tabs did not bond well to the composites.)

All tests were performed at room temperature at a crosshead speed of
Imm/min. Four to six specimens of each type were tested.
Fracture surfaces were examined in a JEOL 35CF scanning electron
microscope after coating with a thin layer of gold in a Polaron E5100
SEM sputtering unit.
Results and Discussion
Load/Deflection Curve
A typical load/ deflection curve, in accordance with theoretical
33predicions
,
is shown in Figure 3.2(a). The critical buckling load,
P
,
is taken as the intersection of the nearly vertical and horizontal
portions of the load/ deflection curve. In.most casses this is the same
as the maximum of the curve. For the longitudinal samples, the plateau
sloped slightly upward. The deflection to fracture gives (1-x) as
indicated in Figure 3.2(a). The slight rounding of the curve before
fracture is most likely due to some small amount of plastic deformation
or stable crack growth.
Because of the method of fabrication, the composites are slightly
different on the two sides, and therefore have a natural way to bend in
compression. In the few cases where the composite buckled in the
opposite cirection, a curve like that in Figure 3.2(b) resulted. This
type of curve was not expected according to previous theoretical and
experimental work , so these tests were considered invalid.
Specimen Dimensions
The measured toughness of PC/CF composites processed 15 min at
275°C was independent of specimen dimensions in the range tested. The
34
( a ) Proper
a
<
o
DEFLECTION
( b ) Improper
DEFLECTION
Figure 3.2. Example load/ deflection curves for a buckled plate test;
(a) typical and proper curve, and (t>) improper curve.
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results are shown in Figure 3-3 for plate dimensions varied one at a
time (except that thickness changes required length changes to keep
displacement to fracture in a measureable range). For all dimensions
tested, the load/ deflection curves were similar to that in Figure 3.2(a)
Thickness could affect fracture toughness if there is a transition
from plane stress to plane strain in the examined thickness range .
The composites here are thin, therefore they would likely be in plane
stress. The constraint imposed by the fibers, however, would tend to
establish conditions of plane strain. The lack of thickness effect in
Figure 3.3 suggests plane strain, even though the specimens are thin.
Results were independent of specimen dimensions for a BP test, but
several factors must be considered: (a) Samples must be thin enough to
buckle at reasonable loads (thus very thick samples are inappropriate).
Samples too thin, however, will buckle too easily and require lengths
too short for study, (b) Length must be chosen so that failure occurs
at a reasonable deflection. Deflections too low may be difficult to
*
measure, while large deflections lead to f (e) becoming important, and
to end effects, (c) Comparison of composites with different thicknesses
should be done carefully because of the thickness effects that can occur
in any fracture mechanics test.
Testing Speed
For two different thickness PC/CF composites processed 15 min at
275°C, Figure 3.4 shows that testing speed (0,5-10 cm/min) had no
measurable effect on toughness. This is consistent with essentially
elastic fracture. Composites were also buckled to near the expected
_ 4 -
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igure 3.3. Transverse toughness versus nominal length, width and
thickness for a PC/CF composite, processed 15 min at 275
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breaking displacement and held overnight (static loading) without
fracture, indicating little or no slow crack growth.
Crack length
33Chang and Donovan showed theoretically and experimentally that
the crack driving force is independent of crack length in the BP
specimen (equation (3-2)). To further examine this, crack length was
varied for a PC/CF composite processed 15 min at 275°C The results in
Table 3.1 show precrack lengths of 0.5 and 1mm gave equivalent
toughness. For longer precracks, the introduction of the precrack
tended to cause propagation, resulting in lower toughness. This
suggests that precrack sharpness matters, and therefore consistency in
precracking is considered important. It should also be noted that
specimens with no precrack gave considerably higher and more scattered
toughness values, most likely because of the variability in natural
flaws. Precracking is therefore considered necessary for consistent
results
.
Table 3.1. Precrack length effect on transverse toughness for a
PC/CF composite, processed 15 min at 275 C.
Precrack Length, mm Transverse Toughness, kJ/m'
0.5 4.U0.7
1.0 4.0+0.5
2 2.5+0.7
* Precrack tends to propagate during introduction.
39
Modulus
It was found that the elastic modulus should be determined with
specimens without precracks. When using precracked samples and assuming
the effective width as the total width minus the precrack length,
calculated moduli were over 10? higher than for the unprecracked
composites (3-90+0.12 versus 3- ^9±0. 1 6 GPa). Apparently in compression,
some load is transferred across the precrack, and affects the buckling
load from which the modulus is calculated.
Modulus did not vary with the processing conditions studied. Table
3.2 shows moduli from BP and tensile tests for neat PC and PC/CF
composites. As can be seen, the BP modulus found for pure PC is close
but slightly higher than the tensile literature value of 2.4 GPa . The
tensile value for pure PC and the transverse tensile value for the PC/CF
composites are much lower than the BP values, probably because of
gripping difficulties and machine compliance. The transverse composite
modulus of 3.49 GPa shows the small reinforcement effect of the fibers
in the transverse direction.
Fiber Volume Fraction
Two widely different fiber volume fractions at the same composite
thickness were examined for the PC/CF composites processed 15 min at
275°C. The results are shown in Table 3.3. The modulus was lower in
the low volume fraction composites, but they flexed further before
breaking, as indicated by values for the A term (equation (3.2)). These
two effects offset one another so that the final fracture toughness was
essentially the same. (Note that the average transverse toughness for
40
Table 3.2. Comparison of tensile and buckled plate modulus values for
PC and PC/CF.
Sample Method Modulus, GPa
PC Buckled Plate 2.72±0.03
PC Tensile 1.8
37
PC Literature
, Tensile 2.4
PC/CF Buckled Plate, Transverse 3.49+0.16
PC/CF Transverse Tensile 2. 71 ±0.1
2
Table 3.3. Fiber volume fraction effect on buckled plate results for a
PC/CF composite, processed 15 min at 275 C.
Fiber Volume A, Equg(3.2), Transverse
^
Fraction Modulus , GPa 1 0 m Toughness , kJ/m
0. 28 3. 4±0. 3 0. 90±0. 1 5 3. 0±0.
6
0.10 2
.
74+0. 13 1
.
37±0. 11 3. 8±0.
4
higher fiber fraction composites (all thicknesses) was about 3.8 kJ/m2
,
as seen in Figure 3.3.) The BP toughness, therefore, seems to be
relatively insensitive to fiber volume fraction differences. This
suggests that the BP test is a fundamental measure of interfacial
resistance to failure. Short beam shear and transverse tensile tests,
in contrast, depend on fiber volume fraction.
Processing Conditions
The processing time at 275°C, as well as annealing conditions, were
changed to evaluate changes in the interfacial adsorption and
crystallization of PC/CF composites. These processing conditions have
been found to alter only the interface and not the bulk matrix. A more
complete examination of adsorption and crystallization will be included
in the next chapter. Both transverse toughness and transverse tensile
strength increased by about a factor of 2 with processing time and
annealing (Figures 3.5 and 3.6). It should be noted that pure PC of the
same thickness does not fracture in a BP test, indicating all composite
values are less than that for pure PC.
Scanning electron micrographs of fracture surfaces confirm
increased fiber/matrix adhesion with longer processing time and with
annealing. In Figure 3.7(a) the fibers can be seen to pull out cleanly
from the matrix in the composite processed 15 min at 275°C, while some
PC can be seen adhering to the fibers in the composite processed 60 min
at 275°C (Figure 3.7(b)).
Comparison of Figures 3.5 and 3.6 reveals that the increase in
toughness is more gradual than for strength, with annealing giving a
(
z
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Figure 3.7. Scanning electron micrographs of transverse tensile
fracture surfaces for PC/CF composites processed at 275 C
for (a) 15 min and (b) 60 min.

significantly higher toughness than a processing time of 60 min. The BP
method sees differences where the transverse tensile strength does not.
It is thus a more sensitive measure of interfacial adhesion. This is
because PC begins to yield near 65 MPa
, so tensile strength loses its
sensitivity near this point. It should be noted that the repeatability
of the transverse tensile strength values is questionable at the low end
of the scale. Repeat experiments gave a value of 45.4±4.3 MPa for the
composite processed 15 min at 275°C, which is considerably higher than
that in Figure 3.6. This may be an indication of the extreme
sensitivity of the transverse tensile test to flaws, especially in the
more brittle composites. In contrast, repeat of the BP test always gave
similar values within experimental error. Experimental error or the
standard deviation in the BP test is less than ±20? in all cases, and
perhaps could be lower for more uniform composites and refined testing.
Longitudinal Toughness
The BP test has also been used to measure longitudinal toughness
(crack propagation perpendicular to the fibers) in PC/CF composites.
Specimens were typically 4. 0cm long, 0.9cm wide, and 0.045cm thick. The
longer lengths were required to get adequate deformation in this stiffer
direction. The toughness for composites processed 15 and 60 min at
275°C is given in Table 3.4. The modulus was found to be the same in
both cases, and shows the strong reinforcing effect of the fibers in the
longitudinal direction. The toughness was higher in the 15 min
specimens, consistent with easier fiber pullout in composites with
poorer adhesion. The longitudinal toughness thus shows an inverse
17
relationship with adhesion, and is not nearly as sensitive as the
transverse toughness to interfacial adhesion.
Table 3.4. Longitudinal buckled plate results for PC/CF composites,
processed 15 and 60 min at 275°C.
Processing Time A, Egu.(3.2) Longitudinal
at 275 C, min Modulus, GPa 10 m Toughness, kJ/m
15 41 . 6±2 . 1 0.96±0.15 40±7
60 4l.2±2.1 0.73±0.08 30+4
Conclusions
A new, buckled plate (BP) test has been used to measure transverse
toughness as the parameter characterizing interfacial adhesion in
unidirectional, continuous-fiber composites. The test is simple to
perform, yet has some adventages over the other interfacial evaluation
techniques. Transverse toughness by the BP method was found to be
independent of specimen length, width, and thickness, testing speed,
crack length, and fiber volume fraction. Varying processing and
annealing conditions in PC/CF composites led to transverse toughness and
transverse tensile strength increases by a factor of two. Scanning
electron microscopy of fracture surfaces were consistent with increased
fiber/matrix adhesion. The BP method was therefore shown to be a
sensitive measure of interfacial adhesion in the ideal case of
48
unidirectional, continuous-fiber composites. The BP test was also used
to measure the corresponding longitudinal toughness. The test is ideal
as a measure of interfacial adhesion, and should be applicable to a
range of composite systems.
CHAPTER IV
INTERFACIAL ADSORPTION AND CRYSTALLIZATION
OF POLYCARBONATE IN CARBON FIBER COMPOSITES
Introduction
With the BP test as an effective tool for monitoring fiber/matrix
adhesion, we address in this chapter the central question of how
interfacial crystallization affects fiber/matrix adhesion. A
polycarbonate (PC)/carbon fiber (CF) composite system was used for study
as in Chapter III. Work on this system was stimulated by some previous
3-5
work by Kardos et.al. , who processed PC/ chopped CF composites for 10
min at 275°C (above the PC melting point of 260-265°C) and found
increased strength and modulus by annealing the composites at 2^5°C for
3 hours. The increase was attributed to generation of a crystalline
layer adjacent to the fibers, as observed by electron diffraction.
Scanning electron microscopy of the fracture surfaces showed increased
fiber/matrix adhesion.
The present study examines the PC/CF system further with particular
interest in the role of interfacial adsorption and crystallization on
development of fiber/matrix adhesion and composite properties. The
PC/CF system is particularly amenable to a study of interfacial
crystallization because PC's sluggish bulk crystallization means that
crystallization occurs only at the interface. There are thus no bulk
49
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crystallization effects which would be difficult to separate out.
Various processing times and temperatures as well as different PC
molecular weights have been examined in order to gain further insight
into this composite system and related ones.
Experimental
Three different molecular weight PC's (T =150°C) were obtained from
g
General Electric: (1) PC film, 0.13mm thick, M =3^,200, designated PCB,
w
(2) PC powder, M =26,600, designated PCA, and (3) PC powder, M =39,800,
designated PCC. All PC's were dried overnight in a vacuum oven at 100° C
before use. Films of PCA and PCC were made by compression molding the
powders for 10 min at 275°C. Unsized T500 3k PAN-based carbon fiber
yarn was obtained from Amoco and used without pretreatment . PC/CF
continuous-fiber, unidirectional composites were fabricated as in
Chapter III by alternately placing PC film on a Teflon-covered aluminum
plate, and wrapping carbon fiber yarn around the plate in aligned
fashion. The aluminum plate's edges were rounded in order to prevent
fiber breakage. Typically *i layers of film and 3 layers of fiber yarn
were used. The layers were then consolidated at 275°C in a Carver press
by holding them for 5 min with low pressure, pressing 10 min at 0.8 MPa
,
then either (a) cooling the composite to room temperature in the press
cooling cycle (less than 5 min), or (b) releasing the pressure and
holding the composite for a longer time at either 2^5, 275, or 300°C
before cooling to room temperature. Cooling from 275 to 2^5° C or
heating from 275 to 300°C required only 3 min. These conditions thus
51
produced composites which varied only in annealing time and temperature.
Annealing here refers to heat treatment above as well as below the
melting point. Composite plates were typically 0.45mm thick and had
fiber weight fractions of 0.45, 0.36+0.01 (volume fraction = 0.28), and
0.32 for PCA/CF, PCB/CF, and PCC/CF respectively. Weight fractions were
found by dissolving out the PC with methylene chloride. Samples were
cut with a paper cutter and the edges sanded with fine sandpaper.
Transverse toughness tests were performed on a buckled plate (BP)
specimen with a Model 4202 Instron testing machine. Complete details of
the BP test for composites are presented in Chapter III. Small,
rectangular composite specimens, typically 2.5cm long, 0.9cm wide, and
0.045cm thick, with fibers oriented perpendicular to the testing
direction, were buckled in compression at room temperature at 2 cm/min.
Compression continued until fracture occured by propagation of a central
precrack. A chart recorded the load/ deflection curve. Average and
standard deviation were obtained by testing 4-8 specimens of each kind.
Transverse tensile tests were also performed with a Model 4202
Instron testing machine, interfaced with a computer. Composites samples
were typically 0.5cm wide and 0.045cm thick, with 2.5 cm between grips.
Manilla tabs were super glued to the composite to prevent breaking in the
grips. (Epoxied tabs did not bond well to the composites.) All tests
were performed at room temperature at a crosshead speed of 1mm/min.
Four to six specimens of each type were tested.
The fracture toughness of pure PC film of similar thickness
(0.48mm) to the composites was found using a single edge notch (SEN)
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specimen and the J-integral method36
. Specimens were 1cm wide, with Mem
between grips. Crack lengths of 3 to 7mm were examined. Energies were
found by integrating the stress/strain curves up to the peak (crack
propagation point).
Composite fracture surfaces were examined in a JEOL 35CF scanning
electron microscope after coating with a thin layer of gold in a Polaron
E5100 SEM sputtering unit. Differential scanning calorimetry (DSC) was
performed on a Perkin Elmer DSC-4 equipped with data station. In
addition to first heat experiments, a cyclic DSC experiment was done on
PC and a PC/CF composite where the sample was (a) heated from 50 to
275°C at M0°C/min, (b) quenched immediately to 50°C at 320°C/min,
(c) scanned on reheating to 275°C, (d) annealed 15 min at 275°C,
(e) quenched to 50°C again, and (f) parts (c)-(e) repeated.
Gel permeation chromatography (GPC) was performed with Polymer
4 3 2
Laboratories PLgel columns (10 , 10 , 10 angstrom), a Knauer 98
refractive index detector, and interfaced computer. The mobile phase
was methylene chloride at 25°C. A universal calibration procedure was
used with polystyrene (PS) standards. The Mark-Houwink coefficients
used were K=6.1x10~ 3
,
a=0.7M for PS and K=11.9x10~3
,
a=0.80 for PC
38
.
Results and Discussion
Experimental Data for PCB/CF
Table M.1 and Figures M.1-M show the results for transverse tensile
strength, toughness, strain at break, and energy at break (area under
the stress/strain curve) for the PCB/CF composites annealed at different
53
times and temperatures. Error bars (standard deviation) are not
included on the figures for clarity, but are generally less than +20?
for all quantities except energy at break, for which the error is
slightly larger. Transverse composite modulus values were found not to
change significantly with processing conditions and were 3.49±0.16 GPa
for the BP test and 2.7 GPa for transverse tensile tests. The
difference between these is likely due to gripping difficulties and
machine compliance in the tensile test, as noted in Chapter III. Since
no extensometer was used and no machine compliance corrections have been
made, it should also be noted that the true transverse tensile strain
and energy at break as well as modulus are somewhat different from the
values reported here. The trends, however, are valid. All quantities
shown here indicate a general trend of higher values with longer
annealing time and higher temperature.
Figures 4.1 and 4.2 show the similarity in trends of transverse
tensile strength and toughness as measures of the interfacial adhesion.
At temperatures of 275-300°C, annealing times above 30-45 min can give
problems with degradation (see below) and thus were not examined fully.
Transverse tensile strength in Figure 4.1 increases with annealing time
and approaches the same maximum of about 65 MPa for all temperatures.
The trends are similar in Figure 4.2 for transverse toughness, but the
increases are more gradual. There is also some question as to the final
2
maxima, but all are well below a pure PC value of about 30 kJ/m. This
value was found here by the J-integral method (pure PC does not fracture
2
in a BP test) and is close to the plane stress value of 25 kJ/m found
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.
It should be noted that the transverse toughness
values here for PC/CF are all higher than literature values of 0.0779
2 o
kJ/m found for epoxy/graphite fiber and 1.12 kJ/m for APC-1
PEEK/ graphite fiber composites
Transverse toughness, because it can see differences where
transverse tensile strength cannot, is seen to be a more sensitive
measure of the interface. This is because PC begins to yield near 65
MPa, so transverse tensile strength loses its sensitivity near this
point. In fact at some of the longer times and higher temperatures,
yielding as seen by a downturn in the stress/strain curve occured just
before fracture. (See Figure 4.5.)
Figures 4.3 and 4.4 for transverse strain and energy at break,
respectively, do not level off as much as strength because they are
sensitive even at yielding. The interesting thing to note in these
figures is the crossover of the 275 and 300°C curves at longer times.
This is due to the beginning of significant degradation, with tensile
strength values not sensing this yet. GPC data shows no molecular
weight degradation after annealing 45 min at 275°C, but M
w
decreased
from 34,200 to 28,000 after 45 min at 300°C. Data for transverse
toughness at 300°C for 45 min was scattered and is not included here due
to degradation.
Scanning electron micrographs of fracture surfaces (Figure 4.6)
confirm better fiber/matrix adhesion with longer times and higher
temperatures of annealing. In Figure 4.6(a) the fibers can be seen to
pull out cleanly from the matrix for the unannealed composite, whereas
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some PC can be seen adhering to the fibers in the composite annealed 45
min at 275°C (Figure 1.6(b)).
Differential scanning calorimetry curves of PCB/CF composites in
Figure 4.7 show T at the expected PC value of 150°C and no significant
o
crystallization or T shift even after annealing 3 hr at 245°C. This
indicates that the crystallization is small and confined to the
3-5interface as found by Kardos et.al , rather than the fully developed
spherulitic crystall ini ty as in Chapter II. Crystallization cannot
occur at 275°C and above because this is above the normal PC melting
point of 260-265°C 41
.
The cyclic DSC experiment described in the Experimental section was
done to examine the effect of melt annealing times on the T of PC and a
g
PC composite. Table 4.2 shows T onset and the heat of the glass
g
6
transition (AC
p
) versus cumulative annealing time at 275°C for a PCB/CF
composite previously consolidated 15 min at 275°C. A pure PCB sample in
the same cyclic experiment showed essentially no T changes. The
g
results in Table 4.2 indicate a small but consistent effect on T with
g
melt annealing time. The results are discussed further in the next
section.
Adsorption and Crystallization
The experimental data lend some insight into the mechanism of
mechanical property (fiber/matrix adhesion) increase in the PC/CF
system. Since similar mechanical property increases can be obtained by
annealing at higher temperatures where crystallization cannot occur,
interfacial crystallization is likely not the primary cause of the
67
Figure 4.6. Scanning electron micrographs of transverse tensile
fracture surfaces for PCB/CF composites (a) unannealed, and
(b) annealed 45 min at 275°C.
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Table 4.2. Melt annealing time effect on the T onset and heat of the
glass transition (AC ) of PCB in a ^CB/CF composite.
Cumulative Annealing
Time at 275°C, min T onset, °C AC_, 10~ 2cal/g deg
—6 p
0 148.94 3.617
15 149.25 3.600
30 149.53 3.547
45 1 49.49 3.527
increases. The faster rates of increase at higher temperatures and the
leveling off of the curves are consistent with better adsorption as the
mechanism of improvement. Interfacial crystallization below T could
m
then occur as a consequence of how a polymer chain adsorbs onto the
fiber surface. When several adjacent segments of a polymer chain
interact with the fiber, a small region of order occurs and can lead to
42
nucleation of crystallization . One could envision a process in which
there are adsorption or interaction sites on the fiber surface which
continually are filled. Adsorption and desorption may occur until an
equilibrium is approached as indicated by a slowing fiber/matrix
adhesion increase (as in transverse toughness) which approaches a
maximum. The kinetics of approach is naturally higher at higher
temperatures just as normal chemical kinetics. It is difficult to
extrapolate the data to very long times or get long time data because of
degradation, but for an exothermic interaction like adsorption, the
72
equilibrium extent of interaction would be expected to be lower at
higher temperatures. The transverse toughness data here only indicate a
similar maximum. There is further discussion of equilibrium in the Data
Fitting section below.
The T data in Table 4.2 give a more direct indication of an
adsorption mechanism. An increase in T onset and decrease in AC in
g p
the composites with longer melt annealing (adsorption) times is
consistent with a decrease in PC segmental motion. Adsorption of PC by
interaction with the fibers can constrain the PC at the interface. The
small T^ change found here could be indicative of a relatively weak
strength of interaction.
This concept of adsorption would also explain other work. For
3-5
example, Kardos et.al. processed his PC/chopped CF composites for 10
min at 275°C before annealing. They were therefore operating at the low
end of the time scale, leaving plenty of room for increases with
annealing. Increases were seen in modulus as well as strength in that
work because of the random rather than unidirectional (transverse)
7
orientation of the fibers. Work on PEEK/CF by Lee and Porter noted an
increase in transverse tensile strength with increased time above the
melting point. Increases attributed to transcrystallinity are more
appropriately explained by better adsorption. Indeed adsorption must
occur before transcrystallinity and therefore is of primary importance
for fiber/matrix adhesion in the PC/CF and other fiber/matrix systems.
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Data Fitting
The data in Figures 4.1 and 4.2 and the concept of adsorption
suggest the use of a Langmuir-type equation (isotherm)^ 3 to
mathematically fit the data at each temperature. Transverse toughness
rather than transverse strength was used because it was the more
sensitive measure of the interfacial adhesion, as discussed earlier.
The equation used was
AG/AG^ - kt/(1+kt)
, AG -G _ (4.1)
c ceq c c cO
where G
c
= transverse toughness of composite
G
cQ= transverse toughness before annealing
AG = change in toughness with annealing
AG
ceq
= e Quilibrium change in toughness (t=°°)
t = annealing time
k = kinetic parameter.
This is apparently the first time that an equation of this form has been
used to describe composite mechanical data. Equation (4.1) can be
rearranged to
t/AG = 1/kAG + 1/AG (4.2)
c ceq ceq
Plotting t/AG versus t then gives a line with slope=1 /AG and
c
K
ceq
intercepts /kAG . Table 4.3 shows the parameters found for eachr ceq r
temperature upon fitting the experimental data. Figure 4.2 shows the
fit curves. It can be seen that equation (4.1) describes the data well.
The limited data and their variance, however, limit the conclusions that
can be drawn. It can be said that the k values, which indicate the
speed of approach to equilibrium, increase with temperature as expected.
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Table 4.3. Fitting parameters for annealing time dependence of PCB/CF
transverse toughness at 245, 275, and 300°C, equations (4.1)
and (4.2).
Annealing Correlation
Temperature, C AG^kJ/m G^kJ/rrT k,min 1 Coefficient
2^5 8.50 12.51 0.0084 0.947
275 7.03 11.04 0.027 0.996
300 6.98 10.99 0.067 1
* Fit for only 2 points
Equilibrium or maximum values, AG , are nearly the same but slightly
c e q
higher at lower temperatures. Again this is as expected for an
exothermic interaction like adsorption. The fact that the AG values
eq
are nearly the same indicates a small heat of interaction. This is
anticipated for a PC/CF system, which has limited possibilities for
actual chemical reaction. Indeed, GPC data indicate no change in M
w
even after annealing 45 min at 275°C, supporting the idea of no chemical
reaction.
The data has also been examined with regard to temperature
dependence, k indicates kinetics at the different temperatures, and was
found to fit well to an Arrhenius equation, k=A exp(-E /RT) , as seen in
a
Table 4.4. This is as anticipated for a rate parameter. It should be
noted that the activation energy, E , here is not relatable to other
a
activation energies, since k is part of a purely mathematical
description of the data.
Table 4.4. Temperature dependence of kinetic parameter k (equations
(4.1) and (4.2)) , Arrhenius fit.
Correlation
Parameter Intercept Slope E_ , kJ/mole Coefficient
o.
k 16.81
-1.12x10 93.0 0.999
Molecular Weight Dependence
Transverse toughness results, which are independent of fiber volume
fraction (Chapter III), are shown in Figure 4.8 for the three different
molecular weight PC ! s in PC composites. It is evident that matrix
molecular weight has a dramatic effect on adsorption and resulting
toughness, with better adsorption at higher molecular weights. Fitting
2
the upper two curves to equation (4.1) gives G
ce q
=1l, ° kJ/m for
M =34,200 and G =13.3 kJ/m2 for M =39,800, while G =4 kJ/m2 for
w ceq w ceq
M =26,600.
w 1
These results are not explainable by chain mobility, as the
temperature dependence might have been. Here the effective adsorption
is best for the least mobile (highest molecular weight) chains.
Mobility or diffusion is thus not the controlling factor here. The
results can also not be explained by the matrix properties. Pure PC
toughness, as measured by an SEN test, was found to be essentially the
same at the three molecular weights studied.
The molecular weight dependence of adsorption and transverse
44
toughness is consistent with other work. Lipatov , in one of the few
experimental works on adsorption from the melt, found that high
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molecular weight fractions of PS adsorb preferentially onto the surface
of glass. This was explained by the molecular weight dependence of
polymer surface tension and the minimization of interphase energy.
Scaling arguments for a single chain on a surface show that the fraction
of adsorbed chain segments depends on the strength of interaction but is
145independent of molecular weight
. This means that the actual number of
interactions per chain scales with molecular weight. Furthermore,
interactions with a longer chain can be more effective than with a
shorter chain because there is more possibility of entanglement
formation between the remainder of the chain and the bulk matrix. The
molecular weight dependence of mechanical properties is thus amplified.
This helps explain the data. Although all the molecular weights here
are well above the critical length for entanglement, M
c
1
, and the
molecular weight where mechanical properties are constant , adsorption
reduces the effective molecular weight. This reduction in effective
molecular weight especially hinders lower M 's in forming entanglements
w
with the bulk matrix. Adsorptions are thus much less effectively
translated into good interfacial properties at lower matrix molecular
weights, as the data here indicates.
Conclusions
Examination of a PC/CF composite system was done at processing
conditions which alter only time and temperature of annealing.
Transverse tensile and fracture toughness data show improved interfacial
adhesion at longer times and higher temperatures of annealing, short of
PC degradation. Scanning electron microscopy of fracture surfaces
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confirm better fiber/matrix adhesion at these conditions. Since
fiber/matrix adhesion improvements occur on annealing above as well as
below the melting point, interfacial crystallization is not the primary
mechanism of improvement. Better adsorption is the likely primary
mechanism. Interfacial crystallization can occur secondarily below the
melting point as a consequence of how a polymer .chain adsorbs on the
fiber surface. The answer to the central question of how interfacial
crystallization affects fiber/matrix adhesion, then, is this:
interfacial crystallization is a secondary effect, and it is adsorption
that primarily determines fiber/matrix adhesion. This idea of
adsorption also explains related data on PC/CF and data on PEEK/CF.
Data for transverse toughness has been found to fit well to a Langmuir-
form equation. The temperature dependence of the toughness data is
described well by the Arrhenius equation. The dependence of adsorption
and transverse toughness on PC molecular weight was found to be large,
with higher molecular weights adsorbing more effectively.
The data has practical implications for processing thermoplastic
matrix composites. First, the time and temperature processing history
of the composites is important in determining interfacial and thus
composite properties. The processing history must be controlled and
understood. Development of equilibrium adsorption can require long
times and high temperatures. Second, matrix molecular weight is also
important in developing composite properties. More effective adsorption
occurs with higher molecular weights. Efforts to improve processability
80
by lowering molecular weight must therefore be carefully considered with
respect to composite properties.
CHAPTER V
COMPOSITES REINFORCED WITH THERMOTROPIC
LIQUID CRYSTAL COPOLYESTER FIBERS
Introduction
In this chapter, the study of the interface in fiber-reinforced
thermoplastic-matrix composites is extended to composites reinforced
with the relatively new thermotropic liquid crystal copolyester fibers.
The focus is moved from interfacial crystallization of the matrix to the
general subject of adhesion to the fibers. The fibers under study are
Celanese Vectran, based on hydroxybenzoic acid (HBA) and 2,6-
hydroxynapthoic acid (HNA) . Results are given first on fiber
characterization and the effect of composite processing temperature on
fiber properties. Adhesion to several thermoplastic matrices as well as
the effect of fiber surface treatment have been studied by transverse
composite tests and scanning electron microscopy of fracture surfaces.
Background
Celanese Vectra, or Vectran when referring to fibers, is a random
copolymer with structure shown in Figure 5.1. (See Calundann and
Jaffe for an overview.) This copolyester forms a nematic liquid
crystal on heating, with the crystal-to-nemati c melting point dependent
on the HBA/HNA ratio. Fibers with high orientation and good mechanical
properties are formed by spinning from the liquid crystalline melt.
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VECTRA
Figure 5.1. Chemical structure of Vectra.
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HBA/HNA has been studied rather extensively in film and fiber form, but
the literature on adhesion in blends and composites with HBA/HNA has
been more limited, and will be reviewed briefly here.
Blends with HBA/HNA have been reported for polytetrafluoro-
ethylene50
,
aromatic polyethers 51
,
polyimide 52
,
polyesters 5^
'
^
,
polyester-amide 5
,
PEEK and polyarylate56, 57
,
epoxy58
,
nylon 1259
,
amorphous polyamide^0
,
polyetherimide^ 1
,
and polycarbonate^2 * ^
.
Ail
Laminates with HBA/HNA have been reported for itself and
polycarbonate^5 . In all cases the blends are immiscible, with in situ
fiber formation occurring in some systems5 ^ The only reports on
interfacial adhesion indicate poor adhesion with polyetherimide , and
good with amorphous polyamide. Blends with polycarbonate have been
62
reported to show both good (modulus comparison with composite theory)
Co
and poor (fracture surfaces) interfacial interaction. While blend
results can give some indication of interaction between phases, adhesion
in composites is generally more difficult because the matrix must
interact with the HBA/HNA fiber while the fiber is in the solid rather
than liquid crystal state.
Several reports of HBA/HNA fiber use in composites have considered
conditions where the fibers are melted out to form the matrix with
52 66
carbon fiber reinforcement ' . Only one patent deals with intact
fibers , for use as tire cord with a pentaerythritol monobasic acid
ester finish.
In summary, virtually no information is available in the literature
on composites reinforced with HBA/HNA fibers other than those formed in
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situ. The only information on interaction with HBA/HNA can be obtained
from related work on blends. The present study, therefore, is necessary
and important for the understanding of adhesion in these composites.
Experimental
Celanese Vectran fibers (VF) with an HBA/HNA molar ratio of 73/27,
were obtained in both as-spun (AS) and heat-treated (HT) form. The 20-
25um diameter fibers had no finish, and came with 300 fibers per bundle.
Vectra (V) pellets, with an HBA/HNA molar ratio of 58/42, were also
obtained from Celanese. Polycarbonate (PC) film, 0.13mm thick, M =
w
34,200, was obtained from General Electric. The PC and V were dried
overnight in a vacuum oven at 100°C before use. Diffential scanning
calorimetry (DSC) was performed on a Perkin Elmer DSC-4 equipped with a
data station. Single fiber samples were prepared by gluing the fibers
onto manilla tabs with epoxy. Tensile properties were measured at room
temperature in an Instron machine with a 2kg load cell at a crosshead
speed of 0.1 cm/min. A chart recorded the load/ deflection curve. Fiber
lengths from 1-3 cm, with 4-5 fibers at each length, were examined in
68,69
order to make compliance corrections
Continuous-fiber, unidirectional composites were made by
alternately placing previously molded films on a Teflon-covered aluminum
plate, and wrapping VF yarn around the plate in aligned fashion (as in
Chapters III and IV). Typically 4 layers of film and 3 layers of fiber
yarn were used. The layers were consolidated under vacuum in a Carver
press by holding them for 5 min with low pressure, pressing 10 min at
0.8 MPa, then either (a) cooling the composite to room temperature in
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the press cooling cycle, or (b) releasing the pressure and holding the
composite for a longer time before cooling. Composites were typically
0.45mm thick and had fiber volume fractions of 0.40 for PC/VF and 0.45
for V/VF. Volume fraction fiber for PC-matrix composites was found by
dissolving out the PC with methylene chloride after testing. Fraction
of fiber in V/VF composites was determined from wrapping a known weight
of fiber per composite plate area, and weighing the composite plate
after fabrication. Composite cutting was done with either a scissors or
razor blade due to the toughness of the fibers, and edges were sanded
with fine sandpaper.
Buckled plate tests were performed in an Instron machine as in
Chapters III and IV. Composite specimens, typically 2.5cm long, 0.9cm
wide, and 0.045cm thick, were buckled in compression at room temperature
at 2 cm/min. Average and standard deviation were obtained by testing 4-
6 specimens of each kind.
Transverse tensile tests were performed as in Chapters III and IV
on samples typically 0.6-0. 7cm wide and 0.045cm thick, with 2.0 or 2.5
cm between grips. All tests were done at room temperature at a
crosshead speed of 1 mm/min. Four specimens of each type were tested.
For surface modification, ozonation of VF(HT) fibers was carried
out at 20°C in a Welsbach model T-408 Ozonator. The ozone concentration
was 5.0 weight % in oxygen, as determined by iodometric-thiosulfate
titration. X-ray photoelectron spectroscopy (XPS) was performed with a
Perkin Elmei—Physical Electronics 5100 with MgKa excitation. An angle
of 75° between the sample and detector was used. Scanning electron
microscopy of fracture surfaces was done on a JEOL 35CF SEM as in
Chapters III and IV.
Results and Discussion
Fiber Properties
Figure 5.2 shows the first-heat DSC curves for V, VF(AS), and
VF(HT). V 58/42 is the minumum melting HBA/HNA composition49
,
and has a
crystal-to-nematic transition, T
fflf
of 247°C. VF(AS) with composition
73/27 has a peak melting point of 284°C. Heat treatment, which is
normally annealing about 30°C below T
m
for long times 49
, raises the
T
m
to 328 C. A small remnant can still be seen, however, in the AS
melting region. Heat treatment reportedly increases crystal size and
perfection as well as increasing molecular weight by solid state
49
reaction
Average single fiber modulus, strength, and strain to break are
shown in Table 5.1. Heat treatment increases modulus by 18 % while more
than doubling strength. This increase can again be associated with
increased crystal size and perfection, and higher molecular weight.
VF(HT) has strength about equal to Kevlar 49, whereas its modulus of 84
70GPa is well below the 125 GPa reported for Kevlar .
The effect of composite processing temperatures on fiber properties
was examined by subjecting the HT fibers to various temperatures for 60
min. (See also Table 5.1.) Room temperature fiber properties after 60
min at 275°C remained nearly the same. After 60 min at 285°C, however,
a significant reduction occurred in fiber strength and strain to break.
After 60 min at 300°C, modulus and strength are only about 50% of their
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Table 5.1. Vectran fiber tensile properties, room temperature.
Strain to Break, %
1 . 83±0.1
H
2. 48±0.32
2.22±0.02
VF/HT after 80±8 1.81 ±0.56 1.8 ±0.3
60 min at 285°C
VF/HT after 39+10 1.51 ±0.23 2.7 ±0.1
60 min at 300 C
original values. This indicates that composites must be processed at
275°C or less in order to avoid fiber property reduction. It appears
that the AS melting point controls fiber properties, even for HT fibers.
Figure 5.3 shows the DSC for original HT fibers and HT fibers held for
60 min at 275, 285, and 300°C. After 60 min at 285°C, the transition
broadens and moves slightly to lower temperatures, while after 60 min at
300°C, the transition essentially disappears. This confirms that
significant structural changes take place in the fibers below the HT
melting point
.
Adhesion in Composites
Table 5.2 shows transverse tensile strength and transverse
toughness (buckled plate test) results for V/VF(HT) and PC/VF(HT)
composites. Adhesion as measured by transverse properties is low in all
Fiber Modulus, GPa Strength, GPa
Vectran(VF) 71 ±9 1
.
34+0. 1
6
As Spun (AS)
Vectran (VF) 84±1 2 2. 96±0. 28
Heat Treated(HT)
VF/HT after 83±1 2 2. 81 ±0.1
5
60 min at 275°C
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cases when comparing to matrix strength or the transverse toughness of
24-10 kJ/m found previously for PC/CF composites (Chapters III and IV).
Increased processing time leads to some improvement in WVF(HT)
composites. Small trial pieces on other matrices including nylon 66,
amorphous polyamide (DuPont J2)
,
polysulfone, polyarylate, poly(butylene
terephthalate)
,
polyethylene (PE), and PE/acrylic acid copolymer also
indicate low transverse properties judged by apparent fiber pullout and
easy crack formation on bending or cutting. Note that an amorphous
polyamide had been found previously to give good adhesion to HBA/HNA in
blends^. The result of low transverse properties independent of
thermoplastic matrix composition seemed to indicate poor interaction
with the fiber surface and led us to attempts at fiber surface
treatment
.
Table 5.2. V/VF(HT) and PC/VF(HT) transverse properties, room
tern perature.
Composite
,
Processing
V/VF* 15 min at 275°C
V/VF* 75 min at 275°C
PC/VF| 15 min at 275°C
PC/VF* 60 min at 275°C
Transverse Tensile
Strength, MPa
13.0±2.2
15.5±0.9
13.3+1 .3
no change
Transverse
Toughness, kJ/m'
1 .6±0.4
2.3±0.6
1 .4±0.5
* Vectra 58/42 (V) matrix strength = 40-50 MPa (unoriented)
.
+ PC matrix strength - 65 MPa.
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Fiber Surface Treatment
Treatments which break the ester linkages such as strong acid or
base treatment were found to give a weak, yellow powdery surface layer,
unfavorable for bonding. Vectran has an oriented layer structure, so it
is especially susceptible to this problem. Efforts at fiber surface
treatment, therefore, focused on possible treatments which could attack
the aromatic rings rather than the ester linkages. Several attempts at
Friedel-Craf ts reaction on the rings proved unsuccessful as judged by
XPS. Reactive gas treatment was the other major attempt at surface
71
treatment. Recent work by Kaplan et.al. indicated that oxygen or
ammonia gas plasma treatment of Vectra film improved adhesion with
epoxies and urethanes. After plasma treatment, failure changed from
adhesive failure to cohesive failure of the Vectra. A related gas
treatment, with ozone, was thus tried with Vectran fibers.
Ozone is a highly reactive gas which attacks carbon-carbon double
72 73
bonds, including aromatic rings . Razumovski et.al. found ozone
reacts with polymers mainly on the surface, and the mechanism and
kinetics of reaction varies with chemical structure. Polynapthalene was
found to react readily, as well as polyesters. Oxidation of the surface
74
can lead to both chain scission and crosslinking. Peeling et.al. used
XPS effectively to study the surface oxidation of polystyrene by ozone.
The oxidation of VF was studied by using V 58/42 film as a model.
Films were ozonated at 20°C for various times. XPS results in Table 5.3
indicate that ozonation increases surface oxygen content by 50?, and
most of the reaction is complete after 10 min. With this information
as
93
a guide, VF(HT) for use in composites was ozonated for 1 hr at 20°C. No
changes in DSC or fiber tensile properties were noted for the ozonated
fibers, even after 60 min at 275°C. Heating slightly darkened the fiber
surface
.
The ozonated fibers were used to make a composite with PC.
Table 5.4 shows the resulting transverse properties. A 50% increase in
transverse tensile strength and a 35% increase in transverse toughness
occurred upon ozone treatment of the fibers. Transverse properties,
however, are still not high.
Table 5.3. Ozone treatment time effect on the surface atomic
carbon/oxygen ratio and surface oxygen content of Vectra (V)
film, XPS results.
Atomic
Treatment Time, min Carbon/Oxygen Ratio Oxygen Mole %
0 4.00 19.9
10 2.65 27.2
30 2.51 28.3
60 2.22 30.8
* The theoretical stoichiometric atomic carbon/oxygen ratio for V 58/42
is 4.34.
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Table 5.4. Ozone treatment of VF(HT) effect on PC/VF(HT) transverse
properties
.
Transverse Tensile Transverse
Composite Strength, MPa Toughness, KJ/m2
*
PC/VF (untreated) 13.3+1.3 1.4±0.5
PC/VF (ozonated 20+4
1 9+0 4
1hr at 20°C)
'
* Processing time = 15 min at 275 C.
Fracture Surfaces
The reason for poor transverse properties, regardless of matrix or
surface treatment, can be found by looking at transverse tensile
fracture surfaces of the PC/VF(HT) composites, Figure 5.4. Some fiber
splitting occurs in composites with untreated fibers, Figure 5.4(a),
whereas fiber splitting is particularly evident in composites with
surface-treated fibers, Figure 5.4(b). There is apparently a transition
from mixed interfacial and fiber failure in (a) to largely fiber failure
in (b). Transverse properties are therefore being limited by weakness
in the fibers rather than by poor fiber/matrix adhesion, especially in
composites with surface-treated fibers. Low transverse strength and
fiber splitting in surface treated systems has also been reported for
70
Kevlar composi tes
Poor transverse properties of the Vectran fibers are related to
poor shear and compressive properties because all these properties
95
Figure 5.4. Scanning electron micrographs of transverse tensile
fracture surfaces for PC/VF(HT) composites processed 15 min
at 275 C; composite made with (a) untreated VF(HT), and
(b) VF(HT) ozonated 1 hr at 20°C.
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are largely determined by interchain interaction. DeTeresa et.al. 75
found a linear correlation between fiber compressive strength and shear
modulus for high performance fibers including nematic thermotropic
polyester (VF), Kevlar, and graphite. VF had the lowest compressive
strength and shear modulus, while Kevlar was intermediate and graphite
the highest. This explains the poor transverse strength and fiber
splitting for VF composites. With Kevlar, intermolecular hydrogen
bonding can occur, so the tendency for compressive failure and fiber
splitting may not be as great as for VF. In conclusion, further efforts
at improving transverse properties in Vectran composites should likely
focus on altering the fiber itself to increase interchain interaction.
Conclusions
Studies of the interface in fiber-reinforced thermoplastic-matrix
composites have been extended to composites reinforced with Celanese
Vectran fibers. As-spun and heat-treated fibers have been
characterized. Heat treatment raises the melting point by ^0°C, and
increases modulus slightly, while doubling strength. Composites made
with Vectran fibers (HT) must be processed at or below 275°C, because
fiber properties are significantly reduced on processing above this
temperature, which corresponds to the as-spun melting point. Composites
made with Vectran are found to have low transverse properties,
regardless of thermoplastic matrix. Specific fiber surface treatment,
such as ozonation, increases transverse properties, but values remain
low compared to the bulk matrix. The SEM of fracture surfaces indicates
that fiber splitting occurs, especially for surface-treated fibers.
Poor fiber transverse properties rather than fiber/matrix adhesion thus
appear to be limiting composite transverse properties, particularly in
composites with surface treated fibers.
CHAPTER VI
SUGGESTIONS FOR FUTURE RESEARCH
The Buckled Plate Test
One area which is wide open for future research is on the buckled
plate test itself. The BP test is a new test, and therefore further
development is desirable in order for the test to gain in acceptance.
Several areas for future research are outlined below.
1. Results from the BP test should be compared directly with other
fracture mechanics test specimen results such as single edge notch and
compact tension tests. Thus far there has been no direct comparison.
2. Further examination of any fiber volume fraction dependence should
be done. Only two fiber fractions have been examined here, with
toughness results essentially independent of fiber fraction. A range of
fiber fractions up to high loadings (60?) should be examined to further
verify this independence.
3. The BP test could be applied to other systems. One of the major
criteria for use of the BP test is that of essentially elastic buckling.
Thus any system where little plastic deformation occurs before fracture
is acceptable. Most fiber-reinforced systems as well as relatively
brittle neat polymers fit this requirement. BP tests of neat
polystyrene, poly(methyl methacrylate) , epoxies, and other thermosets
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would thus be interesting to try as well as carbon, aramid, and glass
fiber filled systems. Application of the BP test to particulate-f illed
composites should also be possible, with some information again to be
gained on fiber/matrix adhesion.
Interfacial Adsorption and Crystallization
The work on interfacial adsorption and crystallization in
Chapter IV also points to some possibilities for future research.
1. The effect of fiber sizing or surface treatment could be examined.
It is desirable to know how fiber treatment affects the time and
temperature dependence of transverse toughness in order to optimize
processing. A favorable treatment giving better fiber/matrix
interaction could shift the curves to higher values at shorter times.
The effectiveness of a fiber treatment could easily be screened in this
manner
.
2. Further evidence of an adsorption mechanism could be gotten by
varying fiber surface area. Increasing surface area while at the same
fiber loading should give better interfacial properties if adsorption is
important. Experimentally this could be done simply by using fibers,
most likely glass, of different diameters (different surface to volume
ratio)
•
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